Porous titania particles were prepared by partial dissolution of hydrous titania and subsequent heat treatment. Uniform and spherical particles of hydrous titania were prepared by hydrolysis of titanium alkoxide at different hydrolysis conditions. The asprepared hydrous titania particles were soaked in ethanol to dissolve the weakly polycondensed part of the particles. As a result, meso-and macroporous structures were formed on the surface of the hydrous titania particles that were prepared by mild hydrolysis. The porous structure was retained even after heat treatment at 400°C while the particles crystallized into the anatase phase. The specific surface area of the porous titania particles prepared by heat treatment of hydrous titania at 400°C for 15 min was 121 m 2 /g.
However, nanosized particles tend to aggregate which leads to difficulties in practical applications. 3) In addition, there are growing concerns about the toxicity of nanomaterials. 4) Thus, methods for synthesizing convenient and non-toxic submicronor micron-sized porous titania particles such as, burning out organic beads, utilizing templates, self-organizing, and etching, have been explored for practical applications.
3),5) Hydrolysis of titanium alkoxide has been widely used for the synthesis of spherical hydrous titania (TiO 2 ·nH 2 O) particles. 6)9) We have also reported the mechanism for the formation of uniform, spherical hydrous titania particles by hydrolysis of titanium butoxide in acetonitrile/butanol solution in the presence of ammonia. 10) 12) It was found that hydrous titania particles prepared under a very short reaction time became highly porous after washing with ethanol. 10) However, most of the obtained porous particles disintegrated and the spherical shape could not be maintained. In addition, the reaction time-range in which porous hydrous titania could be obtained was very narrow and it was difficult to obtain uniform porous particles. The time-range which can obtain porous particles seems to be too short to form uniform outer shape and condensation state of the particles. In this study, we established a method to develop a uniform porous structure on the surface of hydrous titania particles. The hydrous titania particles were prepared at a moderately low polycondensation state and the porous structure was obtained by partial dissolution of the titanium species, followed by washing with an appropriate eluate. Additionally, heat treatment of the prepared porous hydrous titania was performed to obtain crystallized porous titania. The uniform and porous anatase phase particles of micron size have a wider range of applications because of the high specific surface areas and their improved handling abilities compared to the nanoparticles.
The reagents used for the starting materials were titanium nbutoxide (Acros Organics BVBA, Belgium), n-butanol, acetonitrile and ammonia water (28 wt. %), (Wako Pure Chemical Industries Ltd., Japan). The water used in this study was prepared by reverse osmosis and electrodeionization (Elix System; Millipore Corp., USA). The following procedure was used to prepare spherical and porous particles of hydrous titania. 10) First, titanium n-butoxide was dissolved in the solvent consisting of butanol and acetonitrile (n-butanol:acetonitrile = 1:1 by volume). A solution of butanol and acetonitrile mixed with water and ammonia was also prepared. Both the solutions were preheated at 80°C using a water bath before initiating the reaction. Subsequently, hydrolysis of titanium butoxide was carried out by mixing equal volumes of the prepared solutions and aging the resulting solution at 80°C for 30 min under continuous agitation. The optimum concentrations of the solutes after mixing all the solutions, for obtaining spherical titania particles were: titanium butoxide -0.05 M, ammonia -0.10 M and water -0.50 M (standard condition). Various concentrations of ammonia and water were used to obtain particles with weak polycondensation state, and are listed in Table 1 . To simplify the experimental procedure, the concentrations of ammonia and water were controlled by systematically decreasing the amount of ammonia water (28 wt. %) and accordingly varying the amount of water. After the aging process, the sample was centrifuged and the supernatant solution was removed. The remaining precipitates were washed by centrifugation, three times with ethanol to dissolve the weakly polycondensed part of the particles, followed by three times with water. After washing, the obtained particles were dried at 75°C. The heat treatment of the hydrous titania particles was carried out in an electric furnace set to a predetermined temperature. The crystalline phases were identified using X-ray diffraction (XRD; MiniFlex, Rigaku Co.) using Cu K¡ radiation. The morphologies of the samples were observed using scanning electron microscopy (SEM; JSM-6330F, JEOL Ltd.). The specific surface area and N 2 adsorptiondesorption isotherm of the samples were measured using an automatic specific surface area/pore size distribution analyzer (BELSORP-max, BEL Japan Inc.).
To obtain hydrous titania particles with weakly polycondensed surfaces, the reaction time was shortened from the standard condition used for obtaining particles with sufficiently polycondensed and non-porous surfaces. Although porous particles were obtained with reaction times ranging from 5 to 30 s, 10) the repeatability was extremely low. This is attributable to the difficulty in equalizing the experimental conditions such as recovery time of the samples on the second time scale. Therefore, the reaction rate of the sample need to be lowered. The lowering of the reaction temperature to 25°C did not affect the morphologies of the obtained particles. Consequently, the concentrations of ammonia and water were varied to realize mild hydrolysis of titanium alkoxide. Figure 1 shows the SEM images of the particles prepared using various concentrations of ammonia and water. The sample prepared at the standard condition (100%) consisted of uniform, spherical particles. The mean size of the particles of the sample increased with decrease in the concentrations of water and ammonia. It has been reported that the ratio of water/Ti alkoxide significantly affects the size of the particles because the number of nuclei formed by the hydrolysis of titanium alkoxide increases with increase in the concentration of water. 12)14) Therefore, in this case, the number of nuclei decreased due to the lowering of the water content and it conduced to the increase in the average particle size.
The porous structure was observed for the particles prepared with small amounts of ammonia and water [ Figs. 1(b)1(d) ].
The pores formed on the particles prepared with 50% ammonia [ Fig. 1(b) ] were relatively small and the pore size increased with decrease in the concentration of ammonia water. The particles prepared with 30% ammonia water exhibited well-developed meso-and macroporous structures [ Fig. 1(d) ]. Although porous particles with large diameters were occasionally obtained with 20% ammonia, the particles were seldom recovered because all the particles were dissolved in ethanol at the washing stage. Therefore, the optimum concentration of ammonia water required for the formation of the porous structure is considered to be 30%.
The porous structure was not observed when the sample was recovered without washing with ethanol. This suggests that the porous structure is formed at the elution (washing with ethanol) stage. It has been reported that the structure of hydrous titania particles prepared by the hydrolysis of titanium alkoxide is composed of aggregates of ultrafine primary particles.
15) The pores are formed by dissolution of the ultrafine primary particles at the surface of the spherical micron sized-particles. Various alcohols such as, ethanol, isopropanol, n-butanol, n-hexanol, and acidic solutions were adopted as the eluate to analyze the formation of the porous structure. The results obtained while using different alcohols for the elution were similar to that of ethanol. While using acidic solutions such as nitric acid, the porous structure was not formed with dilute solutions, and all the particles were dissolved when concentrated solutions were used.
The XRD data indicated that the as-prepared particles of hydrous titania were amorphous. The porous particles of hydrous titania (prepared using 30% NH 3 ) were heat-treated at various temperatures to obtain the crystalline phase. The particles were found to crystallize at temperatures of 400°C and above. Figure 2 shows the XRD patterns of the as-prepared particles and the particles heat-treated at 400°C for various durations. The crystallization to anatase-type titania was observed after heat treatment at 400°C for 15 min and the degree of crystallinity increased with the heat-treatment duration. Figure 3 shows the SEM image of the particles heat-treated at 400°C for 15 min. The sample retained the meso-and macropores on the surface of the particles even after the heat treatment. The as-prepared porous particles of hydrous titania showed a specific surface area of 354 m 2 /g. The porous titania particles heat-treated at 400°C for 15 min, 30 min and 2 h exhibited specific surface area values of 121, 103 and 79 m 2 /g, respectively. Even though the specific surface area of the particles decreased with increase in the heat-treatment duration, they are higher than those of commercial titania nanoparticles such as Evonik (Degussa) Figure 4 shows the N 2 adsorption desorption isotherms of as-prepared and heat-treated porous particles. The rapid increase in the adsorption amount at low relative pressure region observed on the isotherm of as-prepared particles shows the existence of micropores. 17) Therefore, the decrease in specific surface area by heat treatment is attributable to the disappearance of micropores. Additionally, hysteresis loops, which were associated with capillary condensation taking place in mesopores, were observed only in the adsorption desorption isotherms of the heat-treated particles.
17) The size of those became larger with increasing the heat treatment time. The porous structure observed by SEM were too large to give a hysteresis loop. Although the formation mechanism is not clear at present, additional mesoporous structure were developed by heat treatment.
In summary, uniform and spherical hydrous titania particles were synthesized by the hydrolysis of titanium butoxide in acetonitrile/butanol solution in the presence of ammonia. The concentrations of ammonia and water used for hydrolysis were varied and porous particles of hydrous titania were prepared by using a suitable eluate to dissolve the weakly polycondensed part of the particles. The specific surface area of the porous anatasetype titania was 121 m 2 /g even after heat treatment at 400°C for 15 min. 
